The number of multi-planet systems known to be orbiting their host stars with orbital periods that place them in mean motion resonances is growing. For the most part, these systems are in first-order resonances and dynamical studies have focused their efforts towards understanding the origin and evolution of such dynamically resonant commensurabilities. We report here the discovery of two super-Earths that are close to a second-order dynamical resonance, orbiting the metal-poor ([Fe/H]=-0.43 dex) and inactive G2V star HD41248. We analysed 62 HARPS archival radial velocities for this star, that until now, had exhibited no evidence for planetary companions. Using our new Bayesian Doppler signal detection algorithm, we find two significant signals in the data, with periods of 18.357 days and 25.648 days, indicating they could be part of a 7:5 secondorder mean motion resonance. Both semi-amplitudes are below 3ms −1 and the minimum masses of the pair are 12.3 and 8.6 M ⊕ , respectively. Our simulations found that apsidal alignment stabilizes the system, and even though libration of the resonant angles was not seen, the system is affected by the presence of the resonance and could yet occupy the 7:5 commensurability, which would be the first planetary configuration in such a dynamical resonance. Given the multitude of low-mass multiplanet systems that will be discovered in the coming years, we expect more of these second-order resonant configurations will emerge from the data, highlighting the need for a better understanding of the dynamical interactions between forming planetesimals.
Introduction
Resonances seem to be a common feature in nature when bodies with measurable gravitational fields interact dynamically with one and other. In the Solar System, various bodies are found to 1 Email: jjenkins@das.uchile.cl be in mean motion resonances (MMRs), yet even though such objects can be found to have period ratios that are close to known MMRs, confirmation of the existence of any MMR can only be made by studying the system dynamically to confirm effects such as libration of the resonant angles. Examples include the 2:5 MMR of Jupiter and Saturn (Michtchenko & Ferraz-Mello 2001) and the 3:2 MMR between Neptune and Pluto (Peale 1976 ). In fact a 1:2 MMR between Jupiter and Saturn may have been the driving force behind the current configuration of the solar systems outer planets Tsiganis et al. 2005; Morbidelli et al. 2005) .
Beyond planetary bodies there are also various moons and asteroids that exhibit MMRs. A famous example of these comes from Jupiters moons Ganymede, Europa, and Io that form a 1:2:4 resonant set (Peale 1976) . Such resonances provide important constraints on the formation and evolution of migrating bodies and allow a window into the dynamics of evolving systems. Therefore, discovering new resonant exoplanetary systems can provide unique constraints on the early evolution of exoplanets, along with a contextual view of the whole ensemble of planet formation and evolution in general.
Currently we have confirmed a number of exoplanetary systems that have pairs or more of planets in some resonant configuration by radial velocities. 2:1 resonances seem to be the most common by-product of giant planet formation (e.g. Marcy et al. 2001) . Further resonances have been witnessed, including a Jupiter-moon like 1:2:4 orbital resonant set (Rivera et al. 2010) , however these systems tend to be first-order resonances. Desort et al. (2008) reported the discovery of the HD60532 exoplanetary system that contains a pair of planets in a second-order MMR. Again these planets were found to be gas giants with masses above a Jupiter-mass and Laskar & Correia (2009) confirmed they are indeed in a 3:1 MMR configuration. Recently, Fabrycky et al. (2012) used Kepler transit timing measurements to detect resonant systems including that of Kepler-29 that seems to have two planets orbiting the star locked in a 9:7 MMR. This system does not have radial velocity information to confirm the nature of the objects, however this could be the first super-Earth planetary system in such a dynamical commensurability. Kepler data also indicate that 3:1 MMRs are the most common second-order resonances (Lissauer et al. 2011) .
In this work we present the discovery of a possible new second-order MMR configuration that has never been previously observed for planets. We show that the magnetically inactive G2V star HD41248 hosts at least two rocky planets that are on the edge of a 7:5 MMR, by analysing extensive archival data from HARPS that previously did not contain any known Doppler signals. In § 2 we present the data we have used in this study, then in § 3 we discuss the comparison between this star and the Sun. In § 4 we present the Keplerian analysis of our radial velocities, and in § 5 we show that the signals are not associated with any activity related phenomena. Finally, § 6 presents our dynamical stability tests for this system and we finish with a discussion of the system in § 7.
HD41248 Data
All data in this paper were taken from the ESO HARPS Archive 2 , a community tool that allows users to download fully reduced and analysed data that has been processed using the HARPS-DRS Version 3.5. The pipeline performs the usual reduction steps for high resolution echelle spectra, from bias and flatfielding, to extraction and wavelength calibration.
A total of 62 velocities for the star HD41248 were downloaded and used in this analysis as part of our project to discover new rocky planets orbiting nearby Sun-like stars using our novel methodologies. The baseline of observations is close to 7.5 years (BJD 2452943.85284 to 2455647.57967 ) and in general a high level of data quality was maintained. The median S/N for the set is ∼100 at a wavelength of around 6050Å, with a lowest value of 26 and a highest value of 150. None of the data we downloaded were rejected from our final analysis.
After reduction and extraction of the observation has finished, post-reduction analysis is also performed on the spectra and this consists of crosscorrelating each of the echelle orders with a prefabricated binary mask to generate an order-perorder cross-correlation function (CCF), which are then combined using a weighting scheme to produce a single stable mean CCF. This mean CCF is then fit by a gaussian function and the gaussian model allows the software to generate a precise and absolute radial velocity measurement. The values extracted from the ESO Archive DRS processing are also backed up with the velocities generated using the HARPS-TERRA software (Anglada-Escudé & Butler 2012; ), which we use as a sanity check for stars like the Sun as the DRS values tend to produce higher precision for these stars, in comparison to cooler M dwarfs where TERRA works better. The final Barycentric Julian Dates, DRS, and TERRA radial velocities, along with DRS and TERRA uncertainties, are shown in Table 2 .
HD41248 vs the Sun
The properties of HD41248 are summarised in Table 2 but some of the most interesting features are highlighted here. First of all, the star has a spectral type of G2V and B − V colour of 0.624, meaning it is a solar analogue since the solar values are G2V and 0.642, respectively. Rocky planets around such stars can provide direct tests of planet formation mechanisms and architectures of systems orbiting Sun-like stars.
Chromospheric Activity
Low amplitude signals are most easily sought after in radial velocity data of the most quiescent and slowly rotating stars. HD41248 has a logR HK activity index of -4.92 dex and a rotational velocity of only 2.4± kms −1 , highlighting that this star is an ideal candidate for such studies. The Sun has a logR HK activity index of -4.91 dex and vsini of 1.6±0.3 kms −1 (Pavlenko et al. 2012) showing both these stars have good agreement in their evolutionary properties too. Fig. 1 shows the distribution of these activity indices and the best fit model Gaussian to the data. The logR HK values were computed using the HARPS 1D spectra following the procedures explained in Jenkins et al. (2006 Jenkins et al. ( , 2008 Jenkins et al. ( , 2011 . Clearly most of the data are tightly clustered around the mean logR HK of -4.92 dex. The distribution is tightly packed, with a scatter of only 0.01 dex, which is both intrinsic variability of the star and uncertainty in the measurements. There are a few values with activities less than -5 dex, however these tend to be the lowest S/N spectra and therefore there is a bias in the line core measurements as random noise causes negative read values that artificially draw the line core values lower than they really are, and therefore the overall activity index is found to be lower than it should be.
Abundance Pattern
One parameter where there is some difference between the solar value and that of HD41248 is the stellar metallicity. The iron abundance ([Fe/H]) of this star is -0.43±0.10 dex, which is significantly lower than the solar value, defined as 0.0 dex. In fact, this low abundance value could be one of the important parameters that defines a low-mass rocky dominated system from a gas giant dominated system, since the rising power law probability function that shows the most metal-rich Sun-like stars have a higher probability of hosting giant planets (Fischer & Valenti 2005; Sousa et al. 2011) seems to disappear or turnover for the rocky super-Earth population (Buchhave et al. 2012; Jenkins et al. 2013) . Therefore, HD41248 can be classed as a metal-deficient and old solar analogue. Table 3 lists various abundances for volatile elements in the atmosphere of HD41248. We measured these values directly from the spectra using the method explained in Pavlenko et al. (2012) and more details of how we arrived at these values will be discussed in Ivanyuk et al. (2013) . These abundances generally track the low [Fe/H] values, and in comparison to the Sun, all of the elements we have considered here are depleted. This shows that the nascent disk from which planets could form was metal-deficient, are therefore depleted in the typical elements we expect are processed into planetesimals to form systems of planets through core accretion.
Finally, it is necessary to know the stellar mass of HD41248 so that we have a handle on the masses of any planets detected orbiting the star from the Doppler curve. Given the T ef f we measure of 5713±50 K, the absolute magnitude (M V ) of 5.22±0.08 mags, and the metallicity of -0.43±0.1 dex, we find a stellar mass of 0.92±0.05 M ⊙ . This is in agreement with other works who find similar values, both lower (0.81 M ⊙ ; Sousa et al. 2011) and higher (0.97; Casagrande et al. 2011) . 
Doppler Analysis
The radial velocity timeseries of 62 observations for HD41248 show evidence for at least two low-amplitude signals embedded in the data. Both a periodogram analysis and our Bayesian fitting method detected these signals, however the Bayesian method can detect the second signal with a high degree of significance such that we can confirm the signal is robust.
Periodogram Analysis
A periodogram search for strong and stable frequencies in the radial velocity dataset for HD41248 reveals a significant peak around 18 days. The top panel of Fig. 2 shows these frequencies, with the horizontal dashed line marking the 1% falsealarm probability (FAP) and the horizontal dotdashed line marking the 0.1% FAP, both were measured using a bootstrap analysis technique (see . It can be seen that the signal is stronger than both these boundaries.
The FAPs from the bootstrap analysis allow us to understand the significance of the frequency peaks we detect in the data. Bootstrapping is appropriate in this case since we can generate test data sets from the original data set, without assuming any underlying distribution for the velocities, or more importantly, their uncertainties. A lot of effort is being spent at the present time to understand how the combination of white and red noise affects the overall uncertainty we can assume for any radial velocity timeseries, particularly in HARPS data (Baluev 2013; tuomi13b) , however it is still an extremely difficult task to model such data with any high degree of accuracy.
We resampled the HD41248 data 10'000 times with replacement, using a Monte Carlo approach to scramble the timestamps of the velocities, but retaining the velocities and their associated uncertainties. With each new sample, we recompute the LS periodogram and measure the strength of the strongest peak that we find. The strength of this strongest peak is then compared to the strength of the original peak from the observed data set and the FAP relates to the number of times a peak stronger than this one is found. In this way we can directly measure the probability from the data in an unparametric way.
The center panel in Fig. 2 shows the periodogram of the residuals to the best fit Keplerian of ∼18 days. There is a clear emerging signal around 25 days, indicating another physical process is causing a frequency peak at this period, however the significance is below the 1% FAP level, meaning the archival data we have used is not yet abundant enough to confirm the nature of this peak.
The lower plot in Fig. 2 shows the periodogram power for the widow function, with the strongest energies found at long periods, beyond the baseline of the data. No sampling power is found around 18 days or 25 days, indicating the periods we detect in the radial velocities are not sampling features. Also, no sampling power was found around 65 days, which is an alias that could arise since .7 , however we do find some activity power around 60-70 days that we discuss later but our Bayesian analysis indicates this is not the source of the secondary signal and it is a real Doppler shift, not an alias. Such a tantilising system necessitates another methodology to con- firm the significance of this signal and we turn to our Bayesian analysis method since this has been shown to efficiently detect significant signals with less velocity rich data than can be accomplished using a standard Lomb-Scargle periodogram analysis (Tuomi & Jenkins 2012 ).
Bayesian Search
Bayesian signal detection techniques have recently been introduced to spearhead the detection of radial velocity signatures of low-mass exoplanets around nearby stars (e.g. Anglada-Escudé & Tuomi 2012; Tuomi & Jones 2012; Tuomi et al. 2013b ), yet they have been shown to be rather immune to detections of false positives (e.g. Tuomi 2011). We analysed the HD41248 velocities using posterior sampling techniques and Bayesian model selection to find the best statistical descriptions, i.e. models, of the data, and to obtain estimates for the parameter probability densities of the corresponding models. Following Tuomi & Jones (2012) , we performed the samplings using the adaptive Metropolis algorithm (Haario et al. 2001 ) and calculated the Bayesian evidences of each model using their truncated posterior mixture estimates. As we analysed the data in the Bayesian context, we defined the prior probability densities and model probabilities according to the choices of Tuomi (2012) and Tuomi et al. (2013b) .
When modeling the data, we used a common Gaussian white noise model as a reference model and attempted to improve this description by including correlations within it. This means that the measurement mean is described using a function µ(θ, ξ, t), where θ is the parameter vector, t represents time, and ξ is a vector containing any other variables that might have an effect on the function. With this notation, we defined this model as
where f k (t) is a function describing the superposition of k Keplerian curves with orbital parameters θ p , γ is a reference velocity w.r.t. the data mean, and parameters c i describe the linear dependence of the function on the variables ξ i . We used the S-index, BIS, and FWHM as these variables to be able to take into account the correlations of the radial velocities with these activity-related indices.
At this point we can introduce the activity indicators that we use in our Bayesian model. The BIS values and the FWHMs are taken directly from the HARPS-DRS output and details of their origin and usefulness can be found in Queloz et al. (2001) and Santos et al. (2010) . The chromospheric Sindices have been measured following our own recipes, as mentioned in § 3. Using this procedure the uncertainties of these HARPS S-indices are found to be less than 1%.
Our results indicate that there are two significant periodicities in the HD41248 velocities at 18.4 and 25.6 days. We demonstrate the significance of the two signals by showing the log-Bayesian evidences of models with up to two Keplerian signals (Table 4) . Accounting for the correlations between the velocities and the activity indices improves the model clearly for k = 0 and k = 1 but only marginally for k = 2. Yet, the two-Keplerian model is clearly the best description of the data regardless of whether we account for these correlations or not and the second signal is detected according to the detection criteria of Tuomi (2012) because the two-Keplerian model is 3.3 ×10 3 times more probable than the one-Keplerian model. The other two detection criteria, i.e. that the orbital periods and radial velocity amplitudes are wellconstrained, are also satisfied. We demonstrate this by plotting the estimated posterior densities of the orbital periods, velocity amplitudes, and orbital eccentricities in Fig. 3 . We have also tabulated our estimates for model parameters in Table 5 .
Obtaining the samples from the posterior densities was simple in this case because the periodspace contained only two significant maxima cor- Note.-Log-Bayesian evidences and associated probabilities for the Keplerian models from k = 0, ..., 2 for the HD41248 velocities taking into account the correlation terms with activity indices (Cor) and without including these terms (Ref) . Fig. 3. -The left column corresponds to the short period signal and the right column corresponds to the longer period signal. The top two histograms show the estimated probability density function of periods from the Bayesian analysis, the middle histograms are the same for the semi-amplitude of the signals, and the lower two histograms are for the eccentricities of the signals. Also overplotted by the solid curves are Gaussians with the same mean and sigma as the distributions. responding to the two signals we observed. Despite several attempts, we could not find a third signal and the samplings of the parameter space of a three-Keplerian model did not converge to a third periodicity. We also attempted to include a moving average (MA) component in the statistical model to improve its performance and to take into account intrinsic correlations in the measurement noise (Tuomi et al. 2013b,a) . However, the corresponding parameter describing the amount of autocorrelation in the data was found to be consistent with negligible estimates, and the corresponding MA component did not improve the statistical model. Furthermore, as can be seen in Table 5 , all the parameters quantifying the linear dependence of the velocities on the different activity indices (c 1 , c 2 , and c 3 ) are consistent with zero (i.e. cannot be shown different from zero with a 99% credibility), which explains why taking these correlations into account improved the statistical model little in terms of Bayesian evidences (Table 4). However, there are likely correlations between the velocities and S-index and FWHM, but BIS cannot be shown to be correlated with them at all.
Based on the Bayesian analyses of the HD41248 radial velocities, there are two significant periodicities in the data corresponding to two super-Earths or Neptune-mass planets on nearby close-in orbits (Fig. 4) . In fact, their orbits are so close to one another that the 99% credibility intervals of a b and a c taking into account the uncertainty in the stellar mass are almost overlapping (Table 5 ) and the configuration cannot be immediately stated to be stable in the long term. However, the orbital stability is suggested by the fact that the ratio of the orbital periods is almost exactly 1.4 with a Bayesian 99% interval of [1.384, 1.407], which suggests a possible 7:5 MMR. The eccentricities of the system also show an interesting configuration with the inner planet having an eccentricity around 0.2 and the outer planet having an eccentricity close to circular. In fact, we tested if the inner planet's eccentricity was closer to zero by changing the eccentricity prior model to favour a more circular orbit, but the eccentricity was found to be 0.22 in this case, indicating the inner planet does have some genuine measurable eccentricity given the data. If we can rule out the source of these signals as originating from stellar magnetic activity, this could be a remarkable 7:5 MMR system, and therefore we assess this possibility in § 6 by analysing the stability of the system.
Activity Indicators
Within our Bayesian model we have taken into account any linear correlations between the radial velocities and the activity indicators (BIS, FWHM, and S HARPS ), as explained in the previous section. However, not only does the presence of activity add additional noise to any individual radial velocity measurement, but it can also mimic the presence of a true Doppler induced frequency in the full timeseries of radial velocity data (e.g. Queloz et al. 2001) . Therefore, it is necessary to perform a test on whatever activity indicators one has at hand, to search for periodicities that could be associated with the periodicities found in the velocities.
In Fig. 5 we show the periodograms for each of these activity indices, going from the S-indices at the top, to the BIS values in the center, and finally the FWHMs at the bottom. The S-indices show a strong periodogram peak at 61 days and another slightly weaker peak at 69 days which could be the rotational period of the star, or some other activity cycle. There is no significantly strong frequency peak in the BIS periodogram, however in the FWHM periodogram there is a strong peak emerging at ∼71 days that could be related to the same frequency detected in the S-indices. If so this may back-up the hypothesis that the rotational period of this star, or a harmonic thereof, is around 70 days, or at least there is an activity cycle present at that frequency.
The inner signal in the radial velocities at 18 days appears close to a peak in the BIS periodogram at around 18 days and this could throw some doubt on the nature of the inner signal, even though it is very unlikely for two signals to appear in a radial velocity dataset entrenched so close to such a MMR, down to the level of minutes. Also the peak in the BIS periodogram is not significant, with many more stronger peaks in the data, and since we included correlations between the BIS and the radial velocities, we can be confident this is not the source of the short period signal we detect. We also note that any power in the activity indicators at a frequency that could give rise to an alias in a periodogram search for signals, will not be detected by our Bayesian analysis, since our selection must give rise to signals with amplitudes that are significantly different from zero. This also protects our method from being confused by peaks that we see in the window function. Therefore, we must conclude that the two signals we detect close to a 7:5 MMR are genuine Doppler signals, induced by the presence of two low-mass planets orbiting HD41248.
System Stability
The HD41248 system poses an interesting dynamical challenge because of the proximity of the 7:5 mean-motion resonance and the close spacing of the two planets, both to each other, and to the central star. Here General Relativistic (GR) effects play a role in the dynamical stability. Before moving on to perform a numerical search for stable configurations, we list several key properties of the system that determine its stability.
Chambers (2001) defined several measures that he used to quantify a system of planets, these are: the Angular Momentum Deficit (AMD; Laskar 1997), the fraction of total mass in the most massive planet (S m ), a spacing parameter (S s ) that scales as the planet to star mass ratio µ 1/4 rather than the Hill relation of µ 1/3 (Chambers et al. 1996) , and a concentration parameter (S c ) which measures how the mass is concentrated in an annulus. We supplement this with the measure stating the average spacing in Hill radii (S H ). The values of these quantities for Venus and Earth, Jupiter and Saturn and HD41248 are listed in Table 6 .
As one may see, the AMD of HD41248 is nearly twice as high as that of Jupiter and Saturn, and much higher than that of Venus and Earth. Systems with higher AMD have the possibility to be more chaotic (Laskar 1997 ) and have more opportunity to exchange it among the planets. The relatively high AMD of HD41248 and the fact that one planet appears much more eccentric than the other suggests that both eccentricities will fluctuate with a large amplitude, with one planet being at a minimum (c) when the other is at a maximum (b).
Given that both planets have a nearly equal mass it is no surprise that S d ∼ 0.5. More interesting is the spacing parameter. This quantity is only ∼7 while for Venus and Earth it is about 18. Even for Jupiter and Saturn it is slightly larger. However, it is interesting to see how S H scales as a function of the masses of the planets. We have S H = (a c − a b )/r H where r H is the mutual Hill radius i.e.
1/3 . This can be solved for a b /a c to give
where Γ = [3M * /(m b +m c )] 1/3 . Setting S H = 7 and m b ∼ m c ∼ 10 M ⊕ yields a b /a c ∼ 0.83, but when inserting the masses of Jupiter and Saturn one has a J /a S ∼ 0.58. Thus, even though Jupiter and Saturn have a similar spacing than HD41248 in terms of their mutual Hill radii, they are spaced father apart in relative semi-major axis ratio than the HD41248 system, implying that Jupiter and Saturn need a higher eccentricity to begin crossing their orbits than the planets of HD41248. In- deed, for HD41248 the orbits begin to cross when both planets have an eccentricity near 0.1, so unless they are apsidally aligned or protected by a resonance, they will become unstable. The nominal eccentricity of planet b is near 0.1, so the system is close to instability and the stability may crucially depend on their phasing.
In Fig. 6 we have plotted the secular evolution of both planets using the nominal orbital elements. The value of ω c is unconstrained so we set ∆̟ = ω b − ω c i.e. the difference in the argument of periastron, to 20
• . The right panel shows the evolution of planet b in the eccentricity-∆̟ plane while the right panel shows the same for planet c. The planets are in apsidal alignment i.e. ∆̟ librates around 0 and both planets show substantial excursions in their eccentricity amplitude. This alignment prevents many close encounters. We did not find the resonant angles to librate for this simulation. The question is whether this motion persists for all initial conditions allowed by the observations. Numerical simulations should shed light on this issue.
Numerical methods
We proceeded to perform a large number (∼ 40 000) of short simulations of the HD41248 system, which were then analysed for stability and or chaos.
We performed grid searches of both planets in the a − ω and a − e planes. The stability dependence upon the mutual inclination was not tested. At this stage the dependence on the masses was not tested either because of the large possible range depending on the orientation of the system with respect to the observer. However, an estimate of the stability dependence on the masses can be made and maximum masses can be computed as follows.
For a planet on a fairly eccentric orbit, the chaotic boundary surrounding this planet is given by (Mustill & Wyatt 2012) 
This differs from the µ 2/7 law of Wisdom (1980) since it takes eccentricity into account. Taking both planets as 10 M ⊕ and setting their eccentricities ∼ 0.05 we have δa/a ∼ 0.12. The planets are spaced 0.035 AU apart and thus δa/a < 1 − a b /a c , suggesting the system could be stable. Chaotic instability would set in when δa/a ∼ 1 − a b /a c , which can be solved and yields eµ 2 × 10 −5 . Taking e ∼ 0.1 implies that the masses need to exceed 60 M ⊕ , well outside the uncertainties.
We are dealing with two planets on planar orbits, so that we have four degrees of freedom: the semi-major axis or period ratio, the eccentricities and ∆̟. We performed a grid search for all of these parameters.
The first grid search was done in the semimajor axis-argument of periastron plane of planet b, keeping all other orbital elements at their nominal values. The inclination and longitude of the ascending node were set to zero. For planet c Fig. 3 shows that ω c is almost arbitrary, so we set it to 0 for the sake of simplicity. We varied ω b evenly in steps of 3
• between 0 and 360 • and sampled a b assuming a Gaussian distribution with mean and standard deviation given in Fig. 3 using 99 steps. This resulted in 11880 simulations. The sampling method employed here takes into account the density distribution of the semi-major axis but does not consider mutual correlations between the elements.
The planets were integrated for 20 500 yr using the SWIFT MVS integrator (Levison & Duncan 1994) . We included the effects of GR by adding the potential term V = −3(GM * /c) 2 a(1 − e 2 )/r 3 , where c is the speed of light (Nobili & Will 1986) . This term reproduces the general relativistic effect of Mercury's perihelion advancement. For all simulations the time step was set to 2×10 −4 yr and output was every 10 yr.
We analyse the stability of the system using frequency analysis (Laskar 1993) . The basic method is as follows: using a numerical integration of the orbit over a time interval of length T , we compute a refined determination of the semi-major axes a 1 , a 2 obtained over two consecutive time intervals of length T 1 = T 2 = T /2. The stability index D = max(|1 − a 2 /a 1 |) provides a measure of the chaotic diffusion of the trajectory. Low values close to zero correspond to a regular solution, while high values are synonymous with strong chaotic motion (Laskar) . The advantage of the frequency analysis method is that it does not require long-term simulations and thus large regions of phase space can be tested with a reason-able amount of CPU power (Correia et al. 2005) .
A similar methodology was employed for the other three sets of simulations. The eccentricities were sampled according to the best-fit distributions and we set ∆̟ = 10
• .
Results
In this section we present the results from the numerical simulations determining the stable regions. These results will be presented in a series of figures. Fig. 7 displays the stability index of the system as a function of the period ratio P c /P b and ∆̟. For this figure we varied the value of a b within its observed range. The axis labels indicate the quantity that was varied while the colour coding shows logD. Motion where log D 10 −3 is considered chaotic and possible instability may occur (Correia et al. 2005 ).
An interesting feature are the seven horizontal regions of strong chaos and instability that appear independent of period ratio but occur at regular intervals as ∆̟ varies. We verified that in these regions the motion is unstable: the planets encounter each other on short time scales. Varying a c and ω c results in essentially the same outcome as that displayed in Fig. 7 . The structure at low ∆̟ and low period ratio marks the limits of the 7:5 resonance.
The reason for these regions of unstable motion have to do with the proximity of the 7:5 resonance. Without the resonance the system would only have a single degree of freedom, ∆̟, and thus be integrable (Michtchenko & Malhotra 2004) . The integrable system may exhibit one of three types of motion: ∆̟ librates around 0 (apsidal alignment), ∆̟ circulates and ∆̟ librates around 180
• (apsidal anti-alignment; see Morbidelli et al. (2009) for a discussion on these three types of motion). Without the presence of the resonance increasing the initial value of ∆̟ from 0 to 360
• results in the system displaying all three types of motion in three distinct regions.
It should be noted that regions surrounding the period ratio of these planets are clustered with potential MMRs. Nearby and stronger firstorder MMRs are the 3:2 and 4:3 commensurabilities, the similar strength 6:4 and 8:6 second-order MMRs around found around this dynamical re- gion, and so are the weaker 10:7 and 11:8 thirdorder MMRs. Therefore, we ran some tests to ensure the 7:5 MMR is the most likely dynamical configuration for this system, given the orbital parameters. Taking the periods and uncertainties from Table 5 , and assuming Gaussian distributions for each, we computed the distribution of the period ratio (P c /P b ) and found a mean and σ of 1.397 and 0.003, respectively. The narrow range of periods given by the orbital elements constrains the possible MMR to be only the 7:5 ratio, since even the nearest 10:7 and 11:8 MMRs are found to be 8σ and 6σ away, respectively. From the analysis of the motion of ∆̟ we find that the system most likely has ∆̟ librating around 0 because this configuration yields all stable solutions. When ∆̟ circulates or librates around 180
• the system is chaotic, and often unstable.
However, the presence of the resonance changes the system's behaviour. The 7:5 is second order, and thus there are three resonant arguments:
where λ = ̟ + M is the mean longitude and ̟ = Ω + ω and M is the mean anomaly. The system is planar and thus Ω is undefined (we set it to zero). The proximity of the resonance causes the seven maxima and minima in D as a function ∆̟ as it circulates or librates around 180
We have decided to display this evolution in a series of figures. Starting from the bottom-right corner of Fig. 7 the system becomes unstable when ∆̟ ∼ 30
• so a transition must occur. We displayed the evolution in the e b − ∆̟ (left column) and e c − ∆̟ planes (right column) for three simulations in Fig. 8 . The top panels depict the evolution while the motion is still regular, the middle panels show the motion at the edge of the instability strip, and the bottom panels show the motion for an unstable configuration (although we only depicted the motion until the instability occurred).
In the top panels both planets have ∆̟ librate around 0. Increasing the initial value of ∆̟ from the top panels to the middle panels one sees a fundamental change in the middle-left panel. There appear to be two regions of motion: one in which ∆̟ librates around 0 and one in which it circulates. The motion starts as libration around 0 with mean eccentricity 0.08 and small amplitude (small loop on the right) but the system encounters a saddle and can librate around 0 with large amplitude changes of the eccentricity. The full motion is libration of ∆̟ around 0 but it encompasses two separate regions. However, every once in a while the separatrix is crossed and ∆̟ also circulates. This suggests the system is on the edge of a resonance. The motion for planet c has also changed: previously it showed a single loop but now it encompasses a moon-shaped region that is typical for libration in a resonance (e.g. Murray & Dermott 1999) . In the lowest panels ∆̟ circulates because the planets have crossed the separatrix. The apsidal no longer prevents them from encounters and the system is unstable.
We searched our solutions for libration of the angles σ but we found no case where these angles librated. We checked this by calculating the resonant angles for each simulation and tabulating the mean, minimum and maximum values. If libration occurs then the minima and maxima should be different from 0 and 360 and the mean should be zero or 180. However, in each case we always found the minima and maxima to be 0 and 360, and the mean to be close to 180, suggesting that the angles circulate. We have inspected a large sample by eye and conclude that we did not witness any libration occurring. While this procedure should break down for unstable cases, configurations which are stable for the entire simulation duration should have their minima and maxima confined to a small range. We believe this could be caused by the influence of GR, which primarily affects the pericentre precession of close-in planets. In turn, this can help break or support a resonant configuration and also affect the stability of multiplanet systems (e.g. Veras & Ford 2010) .
The stability dependence of the system on the eccentricities of both planets is displayed in Figs. 9 and 10. For these simulations we set the initial value of ∆̟ = 10
• so that we would not witness any instability related to this quantity. We varied a b and e b for Fig. 9 and a c and e c for Fig. 10 . As one may see, the system is mostly stable as a function of P c /P b and e b unless e b 0.2, apart from some regions at low period ratio. For such high values of e b the apsidal alignment does not protect the planets from encounters because the orbit of planet b already crosses that of planet c, regardless of the eccentricity of planet c. There is some fine structure visible in the figure of which the line going from (1.3955,0.08) to (1.4,0.03) is the most interesting. Below this line there is a large region of stable motion and here ∆̟ circulates. However the eccentricities are small enough that the planets do not cross their orbits and they are protected by the 7:5 resonance. Above this region the stability is guaranteed by the apsidal alignment (apart from at high eccentricity).
In Fig. 10 we see a large unstable region at low eccentricity and low period ratio. Here the planets are at the edge of the resonance which results in chaotic motion and large excursions in eccentricity resulting in encounters. The stable region on the right has the motion being dominated by small eccentricity and by the resonance so there are few encounters, while at high eccentricity and low period ratio the planets are not in resonance but the apsidal alignment prevents close encounters.
In summary, a system of two super-Earth planets is most likely in the HD41248 data when one considers the nominal orbits, provided that the apses are nearly aligned. Given that ω c appears unconstrained by observations, this configuration is a viable outcome. The apsidal alignment provides protection against close encounters at high and low eccentricities, as long as the eccentricities are of comparable value. If the eccentricity of one planet exceeds 0.2 while the other is nearly zero, the system becomes unstable. However, such extreme configurations can be ruled out by the observational uncertainties.
Discussion
The population of low-mass exoplanets tends to differ significantly from that of more massive planets. Observational evidence for a lack of lowmass planets orbiting the most metal-rich stars points to fundamentally different evolutionary properties between low and high mass planets. As discussed in the introduction, there also appears to be a higher fraction of dynamically packed low-mass planetary systems with planets close to MMR's.
Here we report the discovery of a possible 7:5 MMR planetary system, consisting of two superEarths orbiting a metal-poor star. Alone this discovery adds to the number of metal-poor stars with low-mass planets and lends more weight to the hypothesis presented in Jenkins et al. It could also be the first confirmed super-Earth system of planets in such a second-order resonant configuration since libration of the longitude of periastrons yield a highly stabilized system, and our data set and simulations leave the possibility for libration of the resonant angles, and hence resonance. Also the Doppler data period ratio differs from the true 7:5 period ratio by less than 1 part in 300, a strong argument in favour of the MMR. Around 1/3rd of multi-planet systems discovered by radial velocities are found to be close to a MMR (Lissauer et al. 2011 ) but the fraction actually in the resonance is significantly lower. However, Lissauer et al. show that the number of known systems in a MMR is significantly more than that expected from a randomly drawn population. Predictions from convergent migration show that around 1% of resonant systems should last for around a disk lifetime (Adams et al. 2008 ) whereas planet-planet scattering mechanisms yield MMRs around 5-10% of the time (Raymond et al. 2008 ). If we take the Kepler resonant numbers from Lissauer et al. at face value, since the number of false positives from multi-transiting systems is expected to be significantly lower than that from single transiting events (Latham et al. 2011 ), then we might expect that the HD41248 planetary system was formed through the planet-planet scattering mechanism. However, it may not be so straight-forward. Terquem & Papaloizou (2007) studied the migration of cores through a proto-planetary disk that includes mutual interactions between the cores and found that the presence of MMRs is common. They found that simulations that began with a larger outer planetary distribution radius, or that started with significantly lower core masses, would tend to produce the 7:5 MMR. This indicates that such a second-order MMR that forms in this way requires longer timescales, since reducing the core masses or increasing the planetary core distance from the star gives rise to a longer evolutionary time, and thus if the HD41248 planets were formed in this way we might expect they started with low initial core masses, possibly by forming late in the disk evolution, or they started life much further out in the disk than their current semi-major axes, or most likely a combination of both low core masses and long convergent migration. It is interesting to note that even though planet-planet scattering simulations produce more MMRs, the results from Raymond et al. (2008) never resulted in a 7:5 MMR commensurability.
Finally, we should note the mass ratio between these planets. HD41248 b is found to be 12.3 M ⊕ and planet c is 8.6 M ⊕ , giving rise to a mass ratio of 0.7. The simulations of Terquem & Papaloizou (2007) ended with much lower mass ratios for the planets that were found in the 7:5 configuration. They found mass ratios of 0.1 and 0.2, however the more massive planet was the one closer to the star, similar to the system we present here. We do note that finding MMRs that have much lower mass ratios is difficult due to the inherent difficulties of first discovering very lowamplitude signals in radial velocity datasets, and also the difficulty of finding low-amplitude multiplanet signals when the super-position of the Keplerians has a strong dominating signal and a much weaker and longer period signal. With this in mind, we expect more of these systems to emerge from the radial velocity data with the addition of more Doppler data and better analysis techniques. The top panels show the evolution before the instability, the middle panels are at the stability edge and the bottom panels show the evolution for an unstable system.
